The ammonia-oxidizing and nitrite-oxidizing bacterial populations occurring in the nitrifying activated sludge of an industrial wastewater treatment plant receiving sewage with high ammonia concentrations were studied by use of a polyphasic approach. In situ hybridization with a set of hierarchical 16S rRNA-targeted probes for ammonia-oxidizing bacteria revealed the dominance of Nitrosococcus mobilis-like bacteria. The phylogenetic affiliation suggested by fluorescent in situ hybridization (FISH) was confirmed by isolation of N. mobilis as the numerically dominant ammonia oxidizer and subsequent comparative 16S rRNA gene (rDNA) sequence and DNA-DNA hybridization analyses. For molecular fine-scale analysis of the ammonia-oxidizing population, a partial stretch of the gene encoding the active-site polypeptide of ammonia monooxygenase (amoA) was amplified from total DNA extracted from ammonia oxidizer isolates and from activated sludge. However, comparative sequence analysis of 13 amoA clone sequences from activated sludge demonstrated that these sequences were highly similar to each other and to the corresponding amoA gene fragments of Nitrosomonas europaea Nm50 and the N. mobilis isolate. The unexpected high sequence similarity between the amoA gene fragments of the N. mobilis isolate and N. europaea indicates a possible lateral gene transfer event. Although a Nitrobacter strain was isolated, members of the nitrite-oxidizing genus Nitrobacter were not detectable in the activated sludge by in situ hybridization. Therefore, we used the rRNA approach to investigate the abundance of other well-known nitrite-oxidizing bacterial genera. Three different methods were used for DNA extraction from the activated sludge. For each DNA preparation, almost full-length genes encoding small-subunit rRNA were separately amplified and used to generate three 16S rDNA libraries. By comparative sequence analysis, 2 of 60 randomly selected clones could be assigned to the nitrite-oxidizing bacteria of the genus Nitrospira. Based on these clone sequences, a specific 16S rRNA-targeted probe was developed. FISH of the activated sludge with this probe demonstrated that Nitrospira-like bacteria were present in significant numbers (9% of the total bacterial counts) and frequently occurred in coaggregated microcolonies with N. mobilis.
Nitrification, the bacterially catalyzed oxidation of ammonia to nitrate is a key process in the global cycling of nitrogen (39) and an integral component of modern wastewater treatment plants. Reduction of the ammonia content of sewage is important, as ammonia is toxic to aquatic life (e.g., reference 3) and creates a large oxygen demand in receiving waters. Furthermore, nitrification is a prerequisite for total N removal from sewage via subsequent denitrification. Two distinct, physiologically defined groups of bacteria catalyze the two separate steps involved in nitrification (7, 27) . First, chemolithoautotrophic ammonia-oxidizing bacteria convert ammonia to nitrite, which is subsequently transformed to nitrate by nitrite-oxidizing bacteria. Sixteen species of lithoautotrophic ammonia-oxidizing bacteria have been isolated and validly described (21, 23, 25, 26, 60) . Based on comparative 16S rRNA gene (rDNA) sequence analysis, cultured ammonia-oxidizing bacteria comprise two monophyletic groups within the Proteobacteria. Nitrosococcus oceanus and N. halophilus belong to the gamma subclass of the class Proteobacteria (63) , while the members of the genera Nitrosomonas and Nitrosospira, Nitrosovibrio, and Nitrosolobus (the latter three being closely related to each other [16] ), as well as Nitrosococcus mobilis (actually a member of the genus Nitrosomonas) constitute a closely related assemblage within the beta subclass of Proteobacteria (16, 38, 47, 50, 51, 62) . Based on ultrastructural properties, cultivated nitrite-oxidizing bacteria have been assigned to the four recognized genera Nitrobacter, Nitrospina, Nitrococcus, and Nitrospira. Comparative 16S rDNA sequence analyses revealed that one of these genera, Nitrobacter (61) , with its three species (5, 6) , is a member of the alpha subclass of Proteobacteria (37, 50) . The genera Nitrospina (58) and Nitrococcus (58) , with one species each, belong to the delta and gamma subclass of Proteobacteria, respectively (50) . The remaining genus, Nitrospira (59) , encompassing the species Nitrospira moscoviensis (14) and N. marina (59) , is a member of the Nitrospira phylum of the domain Bacteria (14) .
Investigation of the diversity and ecology of nitrifying bac-teria in natural and engineered systems by traditional cultivation techniques has been hampered by their slow growth rates and by the biases inherent in all culture-based studies (e.g., reference 4; 53, 60) . Most studies on nitrification were performed with Nitrosomonas europaea and Nitrobacter winogradskyi, as they represent ammonia-and nitrite-oxidizing bacteria, which are easy to obtain from international bacterial culture collections but might not represent those nitrifying bacteria dominant in the environments analyzed (39, 60 ). This appears particularly likely in light of recent molecular studies exploiting 16S rDNA sequence information which demonstrated a sequence diversity in the monophyletic line of the beta subclass ammonia oxidizers which significantly exceeded the species diversity recognized in cultured ammonia oxidizers (28, 31, 48) . Unfortunately, the limited degree of sequence diversity within some of the environmental ammonia oxidizer sequence clusters makes it difficult to interpret how many of the sequences represent new, as yet uncultured, species (46) . In addition, quantitative dot blot (19) and in situ hybridization (56) studies using 16S rRNA-targeted probes specific for the nitrite-oxidizing bacteria of the genus Nitrobacter indicated low Nitrobacter numbers in a variety of nitrifying environments and consequently highlighted the importance of non-Nitrobacter nitriteoxidizing bacteria for the nitrification process. Recently, the battery of molecular tools used to infer the presence of ammonia-oxidizing bacteria in the environment in a cultivation-independent way has been supplemented by sets of specific or semispecific PCR primers for amplification of 16S rDNA (12, 18, 38, 52, 57) or the ammonia monooxygenase structural gene amoA (15, 40, 44) . While such PCR-based methods have provided exciting new insights into the sequence diversity and environmental distribution of ammonia oxidizers, they do not permit accurate quantification of cell numbers. For direct enumeration and simultaneous in situ analysis of the spatial distribution of environmental populations of nitrifying bacteria, we and others have used in situ hybridization with fluorescent oligonucleotide probes (33, 43, 55, 56) . Since the presence of ammonia oxidizers can be correlated with their characteristic activity, in situ probe counts can be compared with total nitrification rates to calculate the specific in situ activity per cell (55) . However, isolation of dominant ammonia-and nitrite-oxidizing bacteria identified by molecular methods is still required to obtain a more comprehensive picture of their physiology. The inevitable bias induced by standard cultivation can be partly compensated for by the monitoring of enrichment and isolation using hybridization with oligonucleotide probes designed from environmentally derived 16S rRNA sequences (22) .
The present study was undertaken to identify the most important species of the nitrifying bacterial population present in activated sludge with a high nitrifying capacity that originated at an industrial wastewater treatment plant. The diversity of ammonia-oxidizing bacteria was studied by (i) fluorescent in situ hybridization techniques on activated sludge samples using previously published phylogenetic probes (33, 38, 55) , (ii) comparative sequence analysis of environmentally derived amoA gene sequences, and (iii) isolation and subsequent characterization (using fluorescent in situ hybridization, 16S rDNA sequencing, and DNA-DNA hybridization) of the numerically dominant ammonia oxidizer population. Since we failed in a previous study to detect nitrite-oxidizing bacteria of the genus Nitrobacter in the activated sludge we analyzed (56), we used comparative analysis of 16S rDNA sequences to test for the presence of other nitrite-oxidizing genera. Confocal laser scanning microscopy and fluorescent in situ hybridization using probes designed from environmentally derived sequences affiliated with the genus Nitrospira were used to monitor their abundance and spatial distribution in activated sludge.
(A preliminary part of this work has been presented at the Second International Conference on Microorganisms in Activated Sludge and Biofilm Processes, 21 to 23 July 1997, Berkeley, Calif.)
MATERIALS AND METHODS
Organisms, culture conditions, and cell fixation. The nitrifying bacteria investigated in this study were cultured as described previously (6, 26) . For in situ hybridization, cells were fixed with paraformaldehyde (2) from cultures which had oxidized 70 to 80% of the ammonia and nitrite, respectively, originally present in the cultivation medium.
Sampling. Grab samples were collected in October 1996 and September 1997 from the intermittently aerated nitrification-denitrification basin of an industrial wastewater treatment plant receiving sewage from an animal waste processing facility (Tierkörperbeseitigungsanstalt Kraftisried, Kraftisried, Germany; 6,000 population equivalents [PE] [1 PE ϭ 60 g of biological oxygen demand day
Ϫ1
). For DNA isolation, aliquots of the samples were pelleted by centrifugation (10,000 ϫ g for 2 min), immediately frozen on dry ice, and stored at Ϫ80°C after their arrival at our laboratory. For in situ hybridization, a subsample of activated sludge was fixed for 3 h with 4% paraformaldehyde as described by Amann (2) .
Oligonucleotide probes. The following 16S rRNA-targeted oligonucleotide probes were used: (i) NEU, complementary to a signature region of most halophilic and halotolerant ammonia oxidizers (55); (ii) Nso190, specific for the ammonia oxidizers in the beta subclass of Proteobacteria (33); (iii) Nso1225, specific for the ammonia oxidizers in the beta subclass of Proteobacteria (33); (iv) Nsm156, specific for the Nitrosomonas cluster (33); (v) Nsv443, specific for the Nitrosospira cluster (33); (vi) NmV, specific for the N. mobilis lineage (38) ; (vii) S-*-Nse-1472-a-A-18, targeted against ammonia oxidizer isolate Nm103 and all ) and purification of the oligonucleotide-dye conjugates were performed as described by Amann (2) . For labeling with the Cy dyes, the fluorochrome was suspended in a 1:1 mixture of 200 mM sodium carbonate buffer (pH 9.0) and dimethyl formamide.
In situ hybridization and probe-specific cell counts. Optimal hybridization conditions were determined for probes NmV, S-*-Nse-1472-a-A-18, and S-*-Ntspa-1026-a-A-18 by using the hybridization and wash buffers described by Manz et al. (30) . Optimal hybridization stringency required the addition of formamide to final concentrations of 20% for probe S-*-Ntspa-1026-a-A-18, 35% for probe NmV, and 50% for probe S-*-Nse-1472-a-A-18. All hybridizations were performed at a temperature of 46°C. Subsequently, a stringent wash step was performed for 10 min at 48°C. Simultaneous hybridization with probes requiring different stringency was realized by a successive-hybridization procedure (54) . Probes NEU and NIT3 were applied together with the competitor oligonucleotides CTE and CNIT3, respectively (55, 56; Table 1 ). Dual staining of cells with 4,6-diamidino-2-phenylindole (DAPI) and fluorescent oligonucleotides was modified from the method of Hicks et al. (17) so that cells were stained after in situ hybridization with DAPI (0.5 g ml
) for 10 min on ice. Probe-specific cell counts were determined by enumerating at least 5,000 cells stained with DAPI.
Microscopy. A Zeiss LSM 510 scanning confocal microscope equipped with a UV laser (351 and 364 nm), an Ar ion laser (450 to 514 nm), and two HeNe lasers (543 and 633 nm) was used to record optical sections. Image processing was performed with the standard software package delivered with the instrument (version 1.5). Reconstructed and processed images were printed by using the software package Microsoft Power Point (version 7.0) in combination with a Kodak 8650 PS printer.
Enrichment and isolation of ammonia oxidizers. Enrichments were performed on a mineral salt medium containing 10 or 100 mM NH 4 Enrichment and isolation of nitrite oxidizers. A nitrite-oxidizing bacterium was enriched and isolated from the activated sludge as described by Bock et al. (6) . Purity of the nitrite oxidizer isolate was checked by (i) inoculation of an organic culture medium (containing 0.5 g of yeast extract, 0.5 g of peptone, 0.5 g of beef extract, and 0.584 g of NaCl per liter; pH 7.4) and (ii) fluorescent in situ hybridization with probe NIT3 (56) .
PCR amplification of 16S rDNA. DNA was extracted from a 0.25-g (wet weight) activated sludge pellet by using three different methods (11, 45, 64) . For PCR amplification of the 16S rDNA of the ammonia and nitrite oxidizer isolates, high-molecular-weight DNA was isolated by the method of Chan and Goodwin (11) . Oligonucleotide primers targeting the 16S rDNAs of all bacteria were used for PCR with a thermal capillary cycler (Idaho Technology, Idaho Falls) to obtain almost-full-length bacterial 16S rRNA gene fragments. The nucleotide sequences of the primers were 5Ј-AGAGTTTGATYMTGGCTCAG-3Ј (Escherichia coli 16S rDNA positions 8 to 27 [10] ) and 5Ј-CAKAAAGGAGGT-GATCC-3Ј (E. coli 16S rDNA positions 1529 to 1545). Reaction mixtures were prepared in accordance with the manufacturer's recommendations in a total volume of 50 l by using 20 mM MgCl 2 reaction buffer. Thermal cycling was carried out with an initial denaturation step of 94°C for 30 s, followed by 30 cycles of denaturation at 94°C for 15 s, annealing at 51°C for 20 s, and elongation at 72°C for 30 s; cycling was completed by a final elongation step of 72°C for 1 min. Positive controls containing purified DNA from E. coli were included in all sets of amplifications along with negative controls (no DNA added). The presence and size of the amplification products were determined by agarose (0.8%) gel electrophoresis of the reaction product.
PCR amplification of the amoA gene fragment. For PCR amplification of the amoA gene fragment of the ammonia oxidizer isolates, high-molecular-weight DNA was isolated by the method of Chan and Goodwin (11) . A 665-bp fragment of the amoA gene was amplified from 100 ng of DNA by primers AMO-F and AMO-R (44) for PCR with a thermal capillary cycler (Idaho Technology). Reaction mixtures with each primer at 15 pM were prepared in accordance with the manufacturer's recommendations in a total volume of 50 l by using 20 mM MgCl 2 reaction buffer and 1.5 U of Taq polymerase (Promega, Madison, Wis.).
Thermal cycling was carried out by an initial denaturation step of 94°C for 30 s, followed by 30 cycles of denaturation at 94°C for 20 s, annealing at 48°C for 40 s, and elongation at 72°C for 50 s; cycling was completed by a final elongation step of 72°C for 1 min. For amoA gene fragment amplification from the bacterial population present in the activated sludge, total genomic DNA was extracted by the following protocol. A 0.25-g activated sludge pellet was resuspended in a 2-ml polypropylene tube with a screw-on plastic cap with 675 l of DNA extraction buffer (100 mM ) was added and the mixture was incubated for another 30 min at 37°C. After addition of 75 l of 20% sodium dodecyl sulfate and incubation at 65°C for 2 h, cell lysis was completed by addition of 600 l of a mixture of phenol-chloroform-isoamyl alcohol (25:24:1) and 20 min of incubation at 65°C. After vortexing, the mixture was centrifuged for 10 min at 10,000 ϫ g at room temperature. The aqueous phase was carefully transferred to a fresh tube, mixed with 1 volume of phenol-chloroform-isoamyl alcohol (25:24:1), and centrifuged again for 10 min at 10,000 ϫ g. The aqueous phase was transferred to a fresh tube, and nucleic acids were precipitated by incubation with 0.6 volume of isopropanol for 1 h at room temperature and subsequent centrifugation for 20 min at 10,000 ϫ g. Pellets were washed with 1 ml of 70% ethanol, dried, and finally resuspended in 50 l of double-distilled H 2 O. The amount and quality of DNA were determined by spectrophotometric analysis of the ratio of optical densities at 260 and 280 nm (41) . Amplification of amoA gene fragments was initially performed with 25, 50, and 100 ng of DNA and primers AMO-F and AMO-R as described above. To increase the specificity of amoA amplification from activated sludge, a nested PCR protocol was developed. For this purpose, two additional primers, AMO-F2 (5Ј-AAGATGCCGC CGGAAGC-3Ј) and AMO-R2 (5Ј-GCTGCAATAACTGTGGTA-3Ј), comprising the inner primer set, were designed from the amoA sequences of N. europaea Nm50, isolate Nm93, and isolate Nm103. AMO-F2 and AMO-R2 hybridize to nucleotide positions 288 to 305 and 895 to 913, respectively, of the published N. europaea sequence (32) . For nested PCR, 25, 50, and 100 ng of genomic DNA isolated from activated sludge was amplified by using primers AMO-F and AMO-R and the conditions described above. A 1-l volume of the reaction product was subjected to a further round of PCR amplification with 15 pM (each) AMO-F2 and AMO-R2 as a second primer set. Reaction mixtures were prepared as described above. Thermal cycling was carried out by an initial denaturation step of 94°C for 30 s, followed by 30 cycles of denaturation at 94°C for 20 s, annealing at 52°C for 40 s, and elongation at 72°C for 50 s; cycling was completed by a final elongation step of 72°C for 1 min. Positive controls containing purified DNA from N. europaea Nm50 were included in all of the amplification sets along with negative controls (no DNA added). The presence and size of the amplification products were determined by agarose (0.8%) gel electrophoresis of the reaction product. Ethidium bromide-stained bands were digitally recorded with a Cybertech video documentation system (Cybertech, Hamburg, Germany).
Cloning, sequencing, and phylogeny inference. 16S rDNA and amoA PCR products were excised from the agarose gel, purified with an agarose gel extraction kit (Boehringer Mannheim), and subsequently ligated, in accordance with the manufacturer's recommendations, into the cloning vector (pCRII) supplied with the Original TA cloning kit (Invitrogen Corp., San Diego, Calif.). One amoA gene library and three 16S rDNA clone libraries, reflecting the three methods used for DNA extraction, were generated. Nucleotide sequences were determined by the dideoxynucleotide method (42) by cycle sequencing of purified plasmid preparations (Qiagen, Hilden, Germany) with a Thermo Sequenase Cycle sequencing kit (Amersham) and an infrared automated DNA sequencer (Li-Cor Inc., Lincoln, Nebr.) under conditions recommended by the manufacturers. Dye-labeled sequencing primers (Li-Cor) were used. The 16S rDNA sequences were added to the 16S rRNA sequence database of the Technische Universität München by use of the ARB program package (49) . The ARB_EDIT tool was used for sequence alignment. Alignments were refined by visual inspection. Deduced amino acid sequences for amoA were aligned manually by pooling the amino acids into six groups with the GDE 2.2 sequence editor implemented in the ARB software package. Nucleic acid sequences of the amoA gene fragments were then aligned in accordance with the amino acid alignment. Nucleic acid similarities were computed by using the appropriate tool in the ARB program package. Phylogenetic analyses based on 16S rDNA were performed by applying the ARB parsimony tool and maximum-likelihood analysis (fast DNAml; 29) to different data sets. Checks for chimeric sequences were conducted by independently subjecting the first 513 5Ј base positions, the middle 513 base positions, or the last 513 3Ј base positions of the insert sequence to phylogenetic analysis. Phylogenetic trees based on comparative analysis of the amoA gene fragments were computed by performing maximum-likelihood analysis on amoA nucleic acid alignments with the appropriate tool in the ARB software package.
DNA-DNA hybridization. DNA similarities were estimated by photometric determination of thermal renaturation rates (13) as described by Koops and Harms (24) .
Nucleotide sequence accession numbers. The sequences obtained in this study are available in GenBank under accession no. AF037105 (Nm93; 16S rRNA), AF037106 (Nm103, 16S rRNA), AF037107 (Nm103; amoA), AF037108 (Nm93; amoA), and AF043707 to AF043719 (amoA activated sludge clones 1 to 13).
RESULTS
The Kraftisried wastewater treatment plant receives sewage with exceptionally high NH 4 ϩ concentrations (up to 5,000 mg liter Ϫ1 ) which stem from the decay of protein-rich material handled by the adjoining animal waste processing facility. Due to intermittent aeration and the high nitrifying and denitrifying capacity of its activated sludge, the Kraftisried plant was able to remove more than 90% of the N compounds from the sewage during the sampling period (October 1996 to October 1997).
Activated-sludge-derived 16S rDNA sequences affiliated with the genus Nitrospira. Three different methods were used for DNA extraction of activated sludge sampled in October 1996. For each DNA preparation, 16S rDNA products were separately amplified and used for the generation of 16S rDNA libraries. A total of 60 clones were randomly selected from the libraries for comparative sequence analysis. Interestingly, none of the 16S rDNA sequences analyzed grouped within the monophyletic clade of the beta subclass of ammonia oxidizers (data not shown). However, 2 of the 60 sequences analyzed were unambiguously affiliated with nitrite-oxidizing bacteria of the genus Nitrospira (Fig. 1) . Both sequences were found in the 16S rDNA library generated after DNA extraction by the method of Chan and Goodwin (11) . Within the genus Nitrospira, these almost identical clone sequences showed about 94 and 88% 16S rRNA sequence similarity to N. moscoviensis and N. marina, respectively (Table 2 ). Based on these two activatedsludge-derived 16S rDNA sequences, oligonucleotide probe S-*-Ntspa-1026-a-A-18 was designed (Table 1) .
In situ characterization of the population structure of nitrifying bacteria. The composition of the nitrifying consortium in the activated sludge was analyzed by fluorescent in situ hybridization with a set of previously published probes (33, 38, 55, 56) . By searching for ammonia oxidizers in both samples, no hybridization signals could be obtained after application of Nitrosospira cluster-specific probe Nsv443, but 16 (October 1996) to 20% (September 1997) of the total number of cells stained with the intercalating dye DAPI could be assigned to the Nitrosomonas cluster of the beta subclass of ammonia oxidizers by FIG. 1. Phylogenetic tree showing the relationships of the Nitrospira-like organisms represented by 16S rDNA clones A-4 and A-11 from activated sludge, Nitrobacter isolate Nb4, and their closest relatives. The tree is based on the results of maximum-likelihood analysis. Together with a 16S rDNA clone retrieved from an SBR (GenBank accession no. X84560; 8), both clone sequences form a separate lineage within the nitrite-oxidizing bacteria of the Nitrospira group, which is also supported by maximum-parsimony and neighbor-joining analyses. Target organisms for probes S-*-Ntspa-1026-a-A-18 and NIT3 are indicated by brackets. Due to partial sequencing of the SBR clones (8) , no information about their sequence in the target region of probe S-*-Ntspa-1026-a-A-18 is available. The bar represents 10% estimated sequence divergence. (Fig. 2) . Isolation of nitrifying bacteria. To obtain cultures of the numerically dominant nitrifying bacterial species, enrichments were initiated by inoculating small amounts of activated sludge into a series of different enrichment media. After plating of the enrichments on isolation agar and picking of colonies about 8 weeks later, eight ammonia oxidizer isolates and one nitrite oxidizer isolate were obtained. Using whole-cell hybridization of the ammonia oxidizer isolates with the respective probe set, we could distinguish between two types of ammonia oxidizers. Four of the isolates (Nm94, Nm100, Nm103, and Nm106) showed positive hybridization signals with probes Nso190, Nso 1225, Nsm156, and NEU but were not detectable with probe NmV. The remaining isolates (Nm93, Nm99, Nm104, and Nm107) showed a hybridization pattern identical to that observed for the N. mobilis-like cells present in the activated sludge. Nearly complete 16S rDNA sequences were determined for Nm93 and Nm103, representing the two types of ammonia oxidizers isolated. The 16S rRNA primary structures of isolates Nm93 and Nm103 shared overall similarities of more than 98% with N. mobilis Nc2 and N. europaea Nm50, respectively (Table 3 ; Fig. 3 ). Since the 16S rRNA similarities of both isolates to validly described species were greater than 97%, we performed DNA-DNA reassociation studies to clarify their species affiliations (46) . The DNA similarity value measured for isolate Nm 93 and N. mobilis Nc2 was 82.7%, while the respective value for isolate Nm103 and N. europaea Nm50 was 84.8%. Based on the 16S rRNA sequence of isolate Nm103, oligonucleotide probe S-*-Nse-1472-a-A-18 was developed. Whole-cell hybridization experiments demonstrated that this probe also hybridized to N. europaea Nm50, N. halophila Nm1, and N. eutropha Nm 57 under stringent conditions (Table 4) . Simultaneous in situ hybridization of the activated sludge with probes NEU, NmV, and S-*-Nse-1472-a-A-18, each labeled with a different fluorescent dye, revealed that all NEU-positive, NmV-negative cells were stained with probe S-*-Nse-1472-a-A-18.
The only nitrite-oxidizing isolate obtained (Nb4) could be assigned to the genus Nitrobacter by successful whole-cell hybridization with probe NIT3 (56) . Consistent with the probing result, phylogenetic analysis of a partial 16S rRNA sequence (676 bp) of Nb4 revealed high similarity (99.8%) to the 16S rRNA of N. winogradskyi.
Comparative amoA sequence analysis. For isolates Nm93 and Nm103, a 665-bp fragment of the amoA gene was amplified with the primer set described by Sinigalliano et al. (44) . Nucleic acid sequence analysis of both amoA fragments revealed that the sequence of isolate Nm103 was identical to that of the corresponding amoA fragment of N. europaea Nm50 (32) and displayed only a single base substitution compared to the sequence of isolate Nm93 (99.8% sequence similarity). For fine-scale diversity analysis of environmental populations of N. europaea and N. mobilis, a fragment of the amoA gene was amplified from DNA extracted from activated sludge for comparative sequence analysis. Initial amoA amplification experiments were performed with the primer set published by Sinigalliano et al. (44) . While this primer pair amplified the expected 665-bp fragment from N. europaea Nm50, Nm93, and Nm103, no such product was observed for the Kraftisried activated sludge when 25 or 50 ng of DNA was used for amplification (Fig. 4) . After increasing the amount of DNA used for amoA PCR to 100 ng, small amounts of a 665-bp amplification product, as well as larger and smaller products, were observed (Fig. 4) . We excised and purified the 665-bp product from the agarose gel for subsequent cloning. However, sequence analysis of 20 randomly selected clones revealed that none of them had an amoA-related insert (data not shown). To enhance the specificity and sensitivity of the amoA PCR, we designed an additional inner primer pair for nested amplification of amoA from N. europaea and N. mobilis. By applying the nested PCR assay, we obtained a single amplification product with the expected length of 625 bp from both N. europaea Nm50 and Kraftisried activated sludge (Fig. 4) . The nested PCR products retrieved from the activated sludge were used to generate an amoA gene library. A total of 13 clones were randomly selected for comparative sequence analysis. All of the nucleic acid sequences obtained were highly similar to each other (Ͼ99.8% sequence similarity) and to the partial amoA sequence of clone SP3 derived from activated sludge by Rotthauwe et al. (40; Ͼ99.7% sequence similarity). Six of the amoA clone nucleic acid sequences were identical to the amoA genes of N. europaea Nm50 and Nm103 and had a single base substitution in comparison with the amoA gene of the N. mobilis isolate Nm93. The remaining seven amoA clones had one to four base substitutions compared to the amoA sequences of N. europaea Nm50 (32), Nm103, and Nm 93. Consequently, the Kraftisried amoA sequences were lumped together with N. europaea, N. mobilis, and clone sequence SP3 in a phylogenetic tree for the amoA sequences reconstructed by the maximum-likelihood method (Fig. 5) .
DISCUSSION
Recent studies of nitrifying bacteria in activated sludge systems by fluorescent in situ hybridization with rRNA-targeted oligonucleotides indicated that part of the numerically important ammonia oxidizer assemblage has not yet been characterized (33) and that the importance of nitrite oxidizers other than Nitrobacter spp. for sewage treatment might have been underestimated (56) . To learn more about the nitrifying bacteria involved in sewage treatment, the nitrifying consortium present in the nitrifying-denitrifying activated sludge from an industrial sewage treatment plant was characterized by a combination of molecular and cultivation-based techniques. In situ diversity analysis with multiple probes demonstrated that at least three different types of ammonia-oxidizing bacteria were present in activated sludge from the Kraftisried plant. It was surprising to find that N. mobilis-like cells were of the numerically dominant ammonia oxidizer type, as this species was originally isolated from brackish water (23) and had not been reported to contribute to nitrification in wastewater treatment. A second, small population of cells showed an unexpected hybridization pattern indicative of a novel, as-yet-uncultured (or if cultured, then previously not characterized on the 16S rRNA Another goal of the present study was to obtain a pure culture isolate for each of the in situ-detected ammonia ox- idizer types. Screening with the ammonia-oxidizing bacterial probe set revealed that half of the ammonia-oxidizing isolates obtained by standard cultivation techniques were N. mobilis like, while the other half of the isolates could be assigned to the NEU-positive, NmV-negative N. europaea type. This distribution is in contrast to the abundance of both of the ammonia oxidizer populations found in the activated sludge and reflects the different salt requirements of the two ammonia oxidizer types. As most of our enrichments were performed with lowsalt media (10 mM NaCl) composed for limnetic and terrestrial ammonia oxidizers, N. mobilis, which is characterized by an obligate salt requirement, was outnumbered in these enrichments by N. europaea. We failed to isolate the putative novel population of ammonia oxidizers observed in activated sludge by in situ hybridization. This cultivation failure may have been caused by low in situ abundance or by unique physiological properties not addressed by the enrichment strategies applied. It is also possible that the observed novel population could not be obtained by selective cultivation because it belongs to a hypothetical taxon closely related to the beta subclass ammonia oxidizer clade which does not oxidize ammonia. To date, no precedent for such a dramatic phenotype variation within the monophyletic beta-subclass ammonia oxidizers has been reported. Two isolates representing the two types of ammonia-oxidizing bacteria obtained were identified as N. mobilis and N. europaea by comparative 16S rDNA sequence analysis (Fig. 3) and DNA-DNA hybridization, thereby confirming the specificity of the probes used for in situ analysis. As N. mobilis isolate Nm93 grows significantly slower in low-salt media than does N. europaea isolate Nm103, it appears likely that this species has been overlooked in activated sludge in previous laboratory culture studies.
Rotthauwe et al. (40) found the topology of an amoA-based phylogenetic tree to be in good agreement with the topology of the corresponding 16S rDNA tree. Nucleotide sequence similarities of closely related ammonia oxidizers were significantly lower for the amoA genes than for the corresponding 16S rRNA. For example, N. europaea and N. eutropha share 98.2% sequence similarity on the 16S rRNA level, whereas the corresponding values for the 665-bp amoA fragment analyzed in the present study is only 87.3%. Since N. europaea and N. mobilis share 95.6% sequence similarity on the 16S rRNA level, it was surprising that we could detect one single base substitution only between the 665-bp amoA fragments of N. europaea isolate Nm103 and N. mobilis isolate Nm93. This is in accordance with the results of Böttcher (9) , which revealed unexpected high sequence similarities among 613-bp amoA fragments amplified from different genera of ammonia-oxidizing bacteria. These results could indicate lateral amoA gene transfer events between species of ammonia oxidizers of different genera. This assumption implies that the amoA genes we sequenced fulfill the criterion of orthology. Since some ammonia oxidizers possess multiple copies of the amoA gene (34) (35) (36) , it is possible that the primers we used amplified not all of the amoA copies of N. mobilis Nm93 and that its orthologous ammonia monooxygenase has been overlooked. This appears to be unlikely, however, as sequence variation between the multiple amoA copies of a single species analyzed so far was shown to be very low (34) (35) (36) . Additional experiments have been initiated to provide evidence for or against the hypothesis of horizontal transfer of the amoA gene and, as a result, for or against the suitability of the amoA-encoded protein to accurately reflect the phylogenetic relationships between ammonia oxidizers.
amoA clone sequences were retrieved from activated sludge after combining a modified DNA extraction protocol with a newly developed nested PCR technique. Keeping in mind the possible inadequacy of the three DNA extraction techniques used to generate 16S rDNA gene libraries for efficient cell lysis of N. mobilis microcolonies (see above), we implemented several additional enzymatic pretreatments in a modified DNA extraction protocol. Nevertheless, none of the 13 amoA acti- vated sludge clones analyzed on the sequence level was identical to the amoA sequence of N. mobilis Nm93. Several amoA clones with sequence identity to the amoA sequence of N. europaea could be detected, however. This result, which is in apparent contrast to the in situ abundance of N. mobilis and N. europaea, and the fact that a nested PCR approach had to be used for successful amoA amplification from the activated sludge suggest that our modified DNA extraction protocol might still not be suitable for obtaining representative amounts of DNA from N. mobilis microcolonies. The development of more efficient DNA extraction protocols is a prerequisite for increasing the significance of DNA extraction-based molecular diversity analysis of ammonia oxidizers.
Results of the full-cycle rRNA approach presented here clearly show that Nitrospira-like bacteria, which previously had been found exclusively in marine environments (59), a heating system in Moscow (14) , and freshwater aquaria (20) , occurred as a dominant population in Kraftisried activated sludge, while Nitrobacter numbers were below the detection limit of the in situ hybridization technique (10 3 to 10 4 cells ml Ϫ1 ). In the activated sludge flocs, Nitrospira-like cells always were in the vicinity of N. mobilis microcolonies, which may reflect the syntrophic association between ammonia-and nitrite-oxidizing bacteria. Phylogenetic analysis of partial 16S rRNA sequences retrieved by Bond et al. (8) from a laboratory-scale sequencing batch reactor (SBR) in Australia demonstrated their association with the genus Nitrospira (Fig. 1) , which indicates a widespread occurrence of Nitrospira-like cells in nitrifying activated sludge systems. Keeping in mind that low in situ Nitrobacter numbers have been reported for many nitrifying natural and engineered systems (56) and that the described species of Nitrospira grow significantly slower in pure culture than do Nitrobacter spp., it is tempting to speculate that Nitrospira spp. are responsible for nitrite oxidation in these environments but have previously been overlooked, as Nitrobacter outcompetes them during standard enrichment and isolation procedures. Consistent with this hypothesis is the fact that the only nitrite oxidizer isolate obtained from the Kraftisried plant could be assigned to the genus Nitrobacter by comparative 16S rRNA sequence analysis, while representatives of the in situ-dominant Nitrospira-like bacteria were missing among the isolates. It should be stressed, however, that comparative 16S rRNA analysis does not unambiguously prove that the molecular isolates of Nitrospira-like cells are indeed able to oxidize nitrite. For a detailed physiological characterization of Nitrospira-like organisms, representative isolates in pure culture will be required. Attempts to recover Nitrospira-like cells from activated sludge via probe-assisted isolation have been initiated. In the present report, we describe for the first time N. mobilis and Nitrospira-like bacteria as putative numerically dominant species of the nitrifying consortia in an industrial sewage treatment plant. The relevance of this finding lies in the importance of nitrifier activity for efficient nutrient removal in sewage treatment. Different species of ammonia-and nitrite-oxidizing bacteria most likely differ in their in situ growth kinetics, their ammonia and nitrite oxidation rates, their substrate and oxygen affinities, and their sensitivities to environmental perturbations. Probe-assisted isolation of numerically dominant nitrifying bacteria will allow a better understanding of the microbiology of the nitrification process and will help to improve the modeling, design, and operation of nitrifying wastewater treatment plants.
